Obesity induces a low-grade systemic chronic inflammatory condition for which macrophages are responsible. We hypothesized that obesity affects osteoclastogenesis by acting on bone marrow-derived macrophages (BMM). Male mice were fed a high-fat diet (45% of energy) or a standard diet (10% of energy) for 13 wk. We found that the density of the femurs of obese mice was significantly lower than that of the femurs of lean mice. Osteoclastogenesis was enhanced in the BMM from obese mice. Lower levels of interleukin (IL)-10 were generated by the BMM from obese mice than by those from lean mice upon stimulation of receptor activator of nuclear factor-kB ligand. Neutralization of IL-10 in the BMM from obese mice was not as effective in increasing osteoclast (OC) formation as that in those from lean mice. Exogenous IL-10 inhibited OC formation more strongly in the BMM from obese mice than those from lean mice. The elevated level of OC formation in the BMM from obese mice may thus be due to in part to the lower level of IL-10, a negative regulator of osteoclastogenesis. Our results suggest that obesity is associated with bone loss via enhanced osteoclastogenesis due to reduced IL-10 production by the BMM from obese mice.
Introduction
There is growing evidence of a connection between fat and bone metabolism at both the clinical and molecular levels, although the systemic regulators of fat and bone metabolism have not been clearly identified. The relationship between obesity and bone loss, 2 metabolic derangements of fat and bone metabolism, is controversial, and the relationship between body weight and bone mineral density (BMD) 6 is complex. Many clinical studies have demonstrated a positive association between body weight and bone mass (1, 2) . However, other results have pointed to an inverse relationship between percentage of body fat and BMD, with lean mass more strongly related to BMD (3) . These conflicting clinical results suggest a complex interaction between fat and bone metabolism at the cellular and molecular levels. The results of gene targeting in animal models have provided greater insight into fat and bone metabolism, but the relationship between obesity and bone loss still remains controversial. Obese mice deficient in leptin, the fat-derived hormone, and its receptor have high trabecular bone volumes, suggesting a positive relationship between body weight and bone density (4) . However, PPARg insufficiency leads to high trabecular bone volume and low body fat (5) . Senescence-accelerated mice also have increased body fat and decreased bone mass (6, 7) . Basic bone remodeling units, which consist of a bone-forming osteoblast and a bone-resorbing osteoclast (OC), are located close to stromal elements of the marrow and differentiation of the 2 cell types is closely coordinated during bone remodeling. OC is formed from hematopoietic stem cells and their precursors have properties in common with precursors of the monocyte and macrophage cell lineages. Cooperation between macrophagecolony stimulating factor (M-CSF) and receptor activator of nuclear factor-kB ligand (RANKL) systems generates an essential signal for OC differentiation that results from an interaction between bone marrow stromal cells and cells of the OC lineage (8, 9) . The positive factors promoting osteoclastogenesis are mainly proinflammatory cytokines such as interleukin (IL)-1, IL-6, and tumor necrosis factor (TNF)-a, and the negative ones are IL-4, IL-10, and IL-12 (10) . The antiinflammatory cytokine IL-10, which is generated by T cells and macrophages, acts as a negative regulator that suppresses the acute inflammatory response (11) (12) (13) (14) .
Obesity is considered to be a state of chronic inflammation. TNFa was identified to be the first molecular link between inflammation and obesity. TNFa is overexpressed not only in adipose tissue, although at extremely low circulating levels, but 1 Supported by a Korea Research Foundation Grant funded by the Korean Government (KRF-2005-070-C00088), and by a Korea Science and Engineering Foundation grant funded by the Korean government (MOST) (R01200700021 08202007). 2 Author disclosures: T. Kyung, J. Lee, T. V. Phan, R. Yu, and H. Choi, no conflicts of interest. 3 Supplemental Figure 1 and Supplemental Table 1 are available with the online posting of this paper at jn.nutrition.org. also in other tissues (15, 16) . A variety of approaches has identified many other inflammatory mediators to be overexpressed in adipose tissues during obesity, whereas adiponectin, which counteracts the proinflammatory effect of TNFa, is downregulated at both the transcriptional and plasma levels (17, 18) . Macrophages are thought to play a critical role in the course, although it is not clear which cell type is responsible for the inflammatory responses associated with obesity. Because environmental factors greatly influence the characteristics and state of activation of macrophages, they are functionally heterogeneous (19) . Different stimuli induce macrophages to express different kinds and amounts of chemokines, surface markers, and signaling molecules, and this gives rise to the diversity of macrophages observed in physiological and pathological conditions. Macrophages not only play an important role in physiological bone remodeling but also participate in the bone destruction associated with chronic inflammatory disease (20) .
In this study, we investigated whether obesity is associated with bone loss. We detected enhanced osteoclastogenesis by obese bone marrow-derived macrophages (BMM) and found that they generated reduced levels of IL-10 on stimulation by RANKL.
Materials and Methods
Reagents. Recombinant mouse M-CSF, RANKL, recombinant mouse IL-10, neutralizing anti-mouse IL-10 Ab, and biotin-labeled anti-mouse IL-10 Ab were obtained from R & D Systems. Antibodies against CD11b, F4/80, CD3, and CD45R were obtained from eBioscience, and a-modified minimal essential medium (a-MEM) and fetal bovine serum were purchased from Life Technologies.
Animals and osteoclastogenesis. Male C57BL/6J mice were rendered obese by ingesting a high-fat diet (45% of energy from fat) (D12451, Research Diets) for 13 wk starting at 9 wk of age (Supplemental Table 1 ). We chose to evaluate the effect of obesity on bone metabolism of male mice to minimize the complication of estrogen on our analysis. Food intake was monitored by assessing nonpurified diet weight every 7 d and was determined to be 5.90 6 0.70 g per mouse and 5.10 6 0.50 g/d per mouse for lean and obese mice, respectively. Lean mice were fed a standard diet (10% of energy from fat) (D12450B, Research Diets). All mice were housed in the specific pathogen-free animal facility of the Immunomodulation Research Center and they were handled in accordance with the Institutional Animal Care and Use Committee of the Immunomodulation Research Center. Standards were approved by that committee. Radiographic analysis of the femurs was performed with a soft X-ray system (model CMB-2). The relative bone density of the distal metaphysic of the femora was measured by X-ray radiographic analysis with a real-time image processing and measurement system (ZET-1). To compare the accuracy and precision for these measurements, we determined the bone density of sham-surgery and ovariectomized (OVX) mice. The relative intensity of our measurement was 58.02 6 2.88 for sham-surgery mice and 47.20 6 3.53 for OVX mice (P , 0.05), whereas trabecular BMD (mg/cm 3 ) by peripheral quantitative computerized tomography was 288.6 6 9.1 for sham-surgery mice and 218.7 6 6.8 for OVX mice (P , 0.05) (21) . The femurs of each mouse were removed and preserved in 70% ethanol.
Bone marrow cells were isolated from 22-wk-old lean and obese mice. Femurs and tibiae were aseptically removed and dissected free of adherent soft tissue. The bone ends were cut and the marrow cavity was flushed out with a-MEM from one end of the bone using a sterile 21-gauge needle. The bone marrow suspension was carefully agitated with a plastic Pasteur pipette to obtain single cells. The resulting suspension was washed twice and incubated on plates along with M-CSF (20 mg/L) for 16 h. Nonadherent cells were then harvested and layered on a Ficoll-Hypaque gradient; the cells at the interface were collected, washed, resuspended in a-MEM containing 10% fetal bovine serum, and cultured for 2 more days, at which time large populations of adherent monocyte/macrophage-like cells had formed on the bottom of the culture plates. The small number of nonadherent cells and adherent stromal cells were removed by washing the dishes with PBS and by subsequent incubation for 5 min in 0.25% trypsin/0.05% EDTA, respectively. The remaining adherent BMM were harvested by vigorous pipetting and confirmed by fluorescence-activated cell sorting as positive for CD11b and F4/80 and negative for CD3 and CD45R (data not shown). The absence of contaminating stromal cells was confirmed by lack of growth when M-CSF was omitted (data not shown). The isolated BMM were seeded at a density of 3 3 10 4 cells per well in 48-well plates, additional medium containing M-CSF (20 mg/L) and RANKL (40 mg/L) was added, and the medium was replaced on 3 d. After incubation for the indicated times, the cells were fixed in 10% formalin for 10 min and prepared for tartrate-resistant acid phosphatase (TRACP) staining as described (14) . Numbers of TRACP 1 multinucleated cells (MNC) containing $3 nuclei were scored. OC was further characterized by assessing their ability to form pits on dentine slices, as described (22) . Mature OC was generated by incubation with M-CSF and RANKL for 4 d, after which they were harvested with trypsin/EDTA. The cells obtained were seeded on dentine slices and samples of 2 3 10 3 cells were cleaned by ultrasonication in 1 mmol/L NH 4 OH to remove adherent cells and stained with Mayer's hematoxylin (Sigma Chemical) according to the manufacturer's directions to visualize resorption pits. Statistical analysis. All values were expressed as means 6 SEM. Student's t test was used to evaluate differences between samples of interest and the corresponding controls. Paired t test was performed to evaluate the effect of neutralization and addition of IL-10. P-values of ,0.05 were considered significant. Some data were analyzed using Spearman correlation analysis, a rank-based method (Rs; Spearman correlation coefficient).
Results
Obese mice have reduced bone density, form more OC, and their BMM resorb more bone. At 22 wk of age, body weight was higher for the obese mice (42.65 6 0.63 g) fed a high-fat diet than for the lean mice (29.31 6 0.59 g) fed a standard diet (P , 0.001) and the visceral fat mass (intraorgan and periorgan fat) of the obese mice (4.56 6 0.16 g) was greater than that of the lean mice (1.21 6 0.06 g) (P , 0.001). The femoral bone density of obese mice was lower than that of lean mice, although the difference was small ( Fig. 1; P , 0.01) .
RANKL induced the formation of large numbers of mononuclear and MNC that were TRACP 1 in cultures of BMM free of stromal cells and lymphocytes. The numbers of TRACP The OC from obese mice stimulated resorption pit formation more than those from lean mice (data not shown). Pit areas formed by the OC from obese mice were larger than those formed by the OC from lean mice ( Table 1 ; P , 0.001).
OC formation was positively correlated with body weight (Rs ¼ 0.84; P , 0.01) and visceral fat mass (Rs ¼ 0.71; P , 0.05); similarly, resorption pit formation was positively correlated with body weight (Rs ¼ 0.88; P , 0.01) and visceral fat mass (Rs ¼ 0.78, P , 0.05).
BMM from obese mice produce lower levels of IL-10, which results in enhanced osteoclastogenesis. Because it seemed possible that obese BMM generate increased amounts of some positively acting factor for OC formation or decreased amounts of some negatively acting factor, we first asked whether BMM from obese mice expressed higher levels of c-FMS and/or RANK to interact with M-CSF and/or RANKL, respectively. However, the 2 groups did not differ (data not shown).
We determined whether IL-10 levels were related to the enhanced osteoclastogenesis by the BMM of obese mice. The BMM from obese mice produced less IL-10 mRNA than those from lean mice (Supplemental Fig. 1 ; Supplemental Table 1 ; P , 0.01). Next, we compared the levels of secreted IL-10 after RANKL stimulation. The BMM from obese mice again generated lower levels of IL-10 than that from lean mice (Table 1 ; P , 0.01).
To determine whether the endogenous IL-10 level influenced osteoclastogenesis, we neutralized endogenously generated IL-10 with anti-IL-10 Ab and determined whether this affected OC formation. Neutralization of IL-10 in preparations of the BMM from lean mice accelerated the formation of TRACP 1 MNC in response of RANKL (Table 1 ; P , 0.01) but did not change OC formation in preparations of the BMM from obese mice ( Table 1 ; P ¼ 0.97). These results suggested that the endogenously produced IL-10 inhibits osteoclastogenesis in the BMM from lean mice and that inhibition does not occur in the BMM from obese mice, because their level of IL-10 is lower. To substantiate the role of IL-10, we determined the effect of exogenously added IL-10. Addition of exogenous IL-10 reduced the number of osteoclastic TRACP 1 MNC formed by the BMM from both sets of mice without reducing total cell numbers and the effect was greater in the obese BMM ( Table 1 ). The decreases after IL-10 addition were 24% (P , 0.05) in the lean BMM and 48% (P , 0.001) in the obese BMM. Administration of IL-10 to BMM from obese mice reduced OC formation to the level observed in the BMM from lean mice. These results also confirm the presence of lower levels of IL-10 in obese BMM.
We have shown that obese mice have lower bone density and that RANKL-induced OC formation and bone resorption are enhanced in the BMM from obese mice. Furthermore, the level of IL-10, which is a negative regulator of OC formation, is greater in the BMM from lean mice than in those from obese mice in response to RANKL stimulation.
Discussion
There is disagreement in both human and animal studies about the relationship between body weight and bone mass (1-7) . We have attempted to examine whether obesity affects bone density in mice. Our data show that the bone density of the femoral metaphysic is significantly reduced in obese mice, suggesting that obesity is associated with reduced bone density. It is possible that bone loss due to obesity would be more prominent at the lumbar spine, although we have not measured its bone density. More differences between sham-operated and OVX rats at the lumbar spine have been reported than at in the distal femur (23, 24) . There is evidence supporting this conclusion, although it is controversial (25, 26) . Consistent with our results, alveolar bone loss after bacteria infection has been significant in obese mice compared with lean mice (25) . However, uninfected obese mice do not exhibit any significant bone loss, even with an elevated level of TNFa in macrophages, which has been implicated in bone resorption (27) . In addition, FFA and PPARg activation, which are involved in obesity, stimulate bone resorption, and obesity-induced inflammatory cytokines, leptin, hyperglycemia, and insulinopenia impair bone formation (26) . However, there is some evidence against our conclusion. Obesity could be protective for bone, because it increases the mechanical loading on skeleton and protection from fractures and leads to enhanced bone formation and reduced bone resorption via the actions of leptin and estrogen (26) . Different from Ab or cytokine-treated ones: control lgG vs. aIL-10 Ab or none vs. IL-10: *P , 0.01, **P , 0.001. Similar results were obtained in 3 independent experiments. 2 BMM were incubated with M-CSF and RANKL for 3 d. 3 After 4 d of incubation, 2000 cells of mature OC in each group were incubated on dentine slices for pit formation. The percentage of the total dentine area that was pitted was determined. 4 Fold of the control was calculated based on the intensity of the IL-10 signals relative to the GAPDH signals. Although the precise cell types involved in generating obesityassociated diseases have not been identified, macrophages may be directly or indirectly involved, because obesity induces the accumulation of macrophages in adipose tissues (28) and crosstalk between macrophages and adipocytes reinforces inflammatory conditions (29) . Obesity also induces phenotypic changes in macrophages (30) . In this study, we focused on the effect of obesity on OC formation by BMM, because macrophages provide the precursor cells for bone resorption leading to bone destruction. Our data have demonstrated that OC differentiation and bone resorption are stimulated in the BMM from obese mice. The degree of osteoclastic potential in the marrow including OC formation and bone resorption correlated significantly with the degree of obesity such as body weight and fat mass. This BMM generates less IL-10 in response to RANKL than that from lean mice, suggesting that obesity causes IL-10 depletion. Many supporting results are available to confirm our findings. Macrophages from the adipose tissues of obese mice have higher levels of TNFa and inducible nitric oxide synthase and lower levels of IL-10 (30). Obesity reduces an antiinflammatory process by reduced recruitment of NF-kB onto the promoter of IL-10 (25). Our data also implies an important role for IL-10 as a negative regulator of bone loss. Indeed, we found that neutralization of IL-10 elevated osteoclastogenesis in the BMM from lean mice but had almost no effect on the BMM from obese mice, indicating that the reduced level of IL-10 is involved in the enhanced osteoclastogenesis in the latter. In addition, exogenously added IL-10 inhibited osteoclastogenesis induced by RANKL in BMM from both lean and obese mice, but the effect was more pronounced in the obese mice. These results indicate that the enhanced osteoclastogenesis in obese mice is due to the lower level of IL-10, which is known to have a potent inhibitory effect on osteoclastogenesis by inhibiting the differentiation of progenitor cells (12) . Enhanced osteoclastogenesis in the absence of 4-1BB, a T cell costimulator of the TNF receptor family, is also caused by a low level of IL-10 (14). IL-10 has been demonstrated to be a major regulator of bone homeostasis in vivo as well as in vitro. Increased alveolar bone loss is found in IL-10 knockout mice with significantly elevated bone resorption marker, type I collagen C-telopeptide (31), and IL-10 knockout mice also exhibit lower bone mineral content and BMD of femora and vertebrae (32) . Viral delivery of IL-10 inhibits wear debrisinduced osteoclastogenesis and bone resorption (33) and injection of human IL-10 reduces RANKL-associated alveolar bone loss in pathogen-infected humanized mice (34) .
Our data demonstrates that obesity is positively associated with bone loss, OC formation, and bone resorption in mice. Bone loss and obesity are affected by a common progenitor cell, because both involve the recruitment and differentiation of monocytic cells that differentiate into more specific cell types at particular sites. In that sense, we have demonstrated the effect of obesity on BMM during osteoclastogenesis, although it is not yet clear what mediates obesity to lead to these changes of BMM. We are now investigating obesity-induced environmental changes in the bone marrow at the molecular level. These will hopefully provide an explanation of the epidemiological findings linking obesity and bone metabolism.
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